An investigation of the rotary forging process of a 2024 aluminium rod is summarised. Some dispersion in mechanical properties and chemical composition of the base material is permitted. Samples of two material batches were selected: one just stays near the upper limit of tolerance and the other has mean properties. Tensile and compression tests confirm the different mechanical behaviours and allow the identification of constitutive laws parameters. Optical metallography after T3 and T10 thermal treatments and differential thermal analysis provide the grain size and precipitation characteristics of each material batch, which explain their different mechanical behaviours. The industrial rod studied is usually forged in two operations: a first forging process, then a T10 thermal treatment followed by a second forging step. Industrial practise shows that manufacturing the rod with one forging step fails. FEM simulations of the process coupled with a fracture criterion confirm the advantage of a two-step process compared to a single forging step.
Introduction
Rods for aeronautical applications require different shapes at their ends to provide easy connections. The rotary forging process allows reaching this shape. After rod machining, several forging steps with systematic intermediate thermal treatments lead to the final shape. However, when the decrease in diameter is large, one must know if the first round-round step can be performed in a single operation or if two successive forging steps with an intermediate thermal treatment are necessary. The present research attempts to answer this question for a specific 2024 aluminium rod (see Fig. 1 ). The initial material is in T3 state (T3 treatment consists of a solution heat treated, cold worked and naturally aged to a substantially stable condition), and T10 thermal treatment (consisting of a cooling from an elevated temperature shaping process, a cold work and an artificially aging) is applied before each forging operation [1] . This treatment, imposed by aeronautical specifications, releases the residual stresses and recovers mechanical properties. Industry has observed that for this specific rod, trying to perform the diameter reduction in one round-round forging step yields cracks, while two forging steps separated by T10 treatment allow forging with no problem. As this additional forging step costs time and money, it is interesting to better understand its necessity.
Another point requiring investigation is the effect of the material dispersion of the as-received 2024 rods. The industry imposes a tensile strength greater than 440 MPa. Two material batches are selected with low and high tensile strength: 444 MPa (material 3654) and 475 MPa (material 3653). Section 2 describes the forging process; an initial simple model is used to define the strain and strain rate fields. Section 3 presents the material characterisation: tensile and compression mechanical properties, optical metallography to characterise grain size and precipitate dispersion, differential thermal analysis to identify the precipitation kinetics. Microstructure and mechanical properties are clearly linked. FEM simulations of the process are summarised in Section 4. Results are then discussed. Fig. 2 describes the rotary forging machine used. In a round-round forging step, a different rotation speed is imposed on the rod and on the hammer system, so the hammers forge a different place at each hit, which preserves the axisymmetric shape. One stroke is defined by the simultaneous displacement of two hammers that hit the rod and apply a diametral deformation, as shown in Fig. 3 . Displacement 1 defines the forging operation, displacement 2 is an unloading step and displacement 3 corresponds to the axial movement performed by the operator pushing the rod into the rotary machine. The amplitude of displacements 1 and 2 is quite small, i.e. maximum 1 mm, as can be observed in Fig. 2 . So numerous strokes are necessary to decrease the external diameter from 25.4 to 15.3 mm. The axial speed is around 1.667 mm/s and the rotation speed, 165 rpm. A complete rotation comprises twelve strokes, in which loading and unloading (displacements 1 and 2) operations take place. Each movement takes 0.0034 s and the time between two strokes is 0.0235 s. At the start of this research, mechanical properties of 2024 aluminium in T10 state were unknown and the following characteristics (describing this material in T3 state) were used for the first FEM model: Young modulus 72.4 GPa, Poisson ratio 0.33, initial yield limit 414 MPa, hardening slope 142.11 MPa. The Coulomb friction model between the hammer and the rod is assumed, with a friction coefficient of 0.2. These data on materials were estimated from [2, 3] . The rotary forging process had already been analysed previously [4] . In this earlier study, different implicit 2D axisymmetric mechanical simulation strategies and 3D simulations were compared. The results showed that replacing the actual displacements by a single, large axisymmetric hammer displacement, with an amplitude directly defined by the decrease in diameter, already provides a good approximation of the process.
Rotary forging process
Implementing all these hypotheses, the computed maximum plastic strain reaches 0.056 at the end of forging. This information gives an idea of the maximum strain rate. Assuming that such a strain could occur during a single displacement of type 1 (see Fig. 3 ), one computes a maximum strain rate of 16.5 s -1 .
Material description

Mechanical behaviour
Tensile tests
In order to identify the mechanical properties of the 2024 aluminium in T10 state, non-standard tensile samples have been cut from the rod (see Fig. 4a ). This sample geometry requires specific grips adapted to the curvature, which are available only in an electromagnetic press that limits the strain rate to 1 s -1 (maximum velocity of the plate 500 mm/s). As shown in Fig. 4b , the tests include acoustic detection [5] to check if rupture could be predicted by progressive damage identified by acoustic events. However, only very few acoustic events related either to yield limit or to rupture were detected for this material. The stress-strain curves are drawn in Fig. 4c 
Compression tests
To identify T10 2024 aluminium behaviour in the strain rate field occurring in the rotary forging process, compression tests on rod slices 11 mm in height, 25.4 mm external diameter and 1.65 mm thick are performed (see Fig. 5 ). The hydraulic press applies a constant height reduction rate of 5 and 10 s -1
. The load versus the logarithm of height reduction is shown in Fig. 6a . Like in the tensile tests, the strain rate seems to have no effect, and the 3653 batch has higher stiffness. As the strain rate effect can be ignored, the classical Hollomon law is chosen:
to describe the material behaviour. Elastic parameters from Section 2 are used. The experimental compression test is simulated and the well-known inverse method [6] using Levenberg-Marquard approach is applied to identify the parameters C and n. These parameters are automatically optimised until the FEM compression simulations provide shape ( Fig. 5 ) and load curves (Fig. 6a) identical to the measurements. Table 2 gives the identified material parameters C and n, and Fig. 6b shows the close agreement between the Hollomon law curves identified by the compression tests and the mean stress-strain curves provided by the tensile tests. For the metallurgical analysis of aluminium alloys 3653 and 3654, two etchings were used. The HF etching provides information on precipitates and the Keller's reagent shows grain size. According to [7] , features of these two etchings are shown in Table 3 .
The microstructure of the aluminium alloys 3653 and 3654 was studied at different steps: after heat treatment T3, after heat treatment T3 + T10, after forging and after compression tests.
For each case, the structure was observed by both HF etching and Keller's reagent. Direction 1 corresponds to the extrusion direction and direction 2 to the transverse direction.
Observations after HF etching.
The microstructures obtained after HF etching are shown in Fig. 7a and b. As no difference in structure was noticed between 3653 and 3654 alloys, only one figure is presented for each state. Moreover, the microstructure of both alloys is similar after T3 and after T3 + T10. This microstructure presented in Fig. 7a shows some large precipitates and smaller ones distributed in the matrix.
In view of the chemical composition, the nature of these precipitates can correspond to CuMgAl 2 , Cu 2 MnAl 20 , Cu 2 FeAl 7 . We also note that the microstructure is identical in both directions 1 and 2.
During processing, the rods are forged after heat treatment T10. The microstructure obtained is shown in Fig. 7b : an important difference is observed compared to Fig. 7a . The precipitates that were uniformly distributed in the matrix after T3 and T3 + T10, are, after forging, differently dispersed at grain boundaries and inside the matrix. This precipitates distribution allows the observation of the grain shape. Some depleted areas around the grain boundaries are noticed (see Fig. 7b ). These remarks are valid for both directions studied. The goal of this second study is to characterise grain size and shape, which could explain the difference in mechanical behaviour between 3653 and 3654 alloys observed during tensile and compression tests. Like for HF etching, both directions were studied. The obtained microstructures are shown in Fig. 7c and d . Fig. 7c shows the microstructure of 3654 alloy (in direction 1) after T3. Grains can now be easily observed. The same kind of microstructure is obtained for 3653 alloy, but in this case the grains are smaller. The study in direction 2 also confirms the grain size difference between the two alloys, but here the grains have an elongated shape, following the axial rod direction. Microstructure investigations on rods after heat treatment T10 give exactly the same results as after T3. Table 4 shows the measured grain size. It is likely that the differences observed in mechanical tensile tests results are due to this difference in grain size.
After forging, Keller's reagent analysis does not show any difference between the two alloys. Some large precipitates are observed in the matrix, and other smaller precipitates are present at grain boundaries, delimiting the grain itself. The typical microstructure obtained for both 3653 and 3654 alloys is shown in Fig. 7d .
Forging significantly modifies the structure. The grains are not so easily etched than those before forging. It is the presence of small precipitates at the grain boundaries that allows the grain size and shape observation. After forging ( Fig. 7b and d) , grains appear uniformly grey, whereas they were more or less dark with Keller's reagent before forging (Fig. 7c) .
As already described in Section 3.1.2, some rods were compressed with a strain rate equal to 10 s -1 and a strain equal to 0.4. Some samples were taken from these compressed rods and analysed by optical microscopy. The goal was to determine whether their microstructure after compression was similar to the one obtained after forging. Results are shown in Fig. 8a and b . In this case, grains can be observed, meaning that the structure after compression is different from that after forging, even if precipitate features are similar in both cases.
After forging, the structure is not different between the two alloys. But after compression, like after heat treatment T10, a difference in grain size is again observed between the two alloys.
The grain size and the elastic stress limit check the Hall-Petch law. Grain sizes are given in Table 4 , and elastic stress limits were determined by the intersection between the Hooke line and the σ-ε curves of both alloys (Fig.  6b) .
The values are as follows:
• For 3653 alloy: σ 1 = 115.8 N/mm 2 and d 1 = 100 µm.
• For 3654 alloy: σ 2 = 74.9 N/mm 2 and d 2 = 220 µm.
With the relations the ratio K 1 /K 2 is computed equal to 1.04. This calculation confirms the coherence between the grain size and the σ-ε curves identification. 
Hardness
The measurements were carried out on samples taken from rods after heat treatment T3, after T3 + T10 and after forging. Results are shown in Table 5 .
The hardness is quite similar before and after T10. At each processing stage, 3653 alloy has a lower hardness which could be explained by a different level of precipitation. This effect has not been measured but is confirmed by DTA analysis (Section 3.2.3). A decrease in hardness is observed after forging, due to the microstructure changes occurring during this last processing stage.
Differential thermal analysis
Both alloys were studied by differential thermal analysis (DTA) after heat treatment T10. DTA measurement is a technique by which the difference in heat flow between a sample and a reference is monitored as a function of temperature or time, while the sample is subjected to a controlled temperature program. The imposed temperature cycle is heating from room temperature to 700 °C and cooling to room temperature, at a rate of 5 °C/min in both cases.
The DTA signal obtained during heating is shown in Fig. 9a and b for 3653 and 3654 alloys, respectively. The DTA signal is quite flat until 500 °C, meaning that there is no transformation in this temperature range. But at 510, 565 and 580°C, small peaks, named 1, 2 and 3 show different precipitates dissolution. The presence of these three distinct peaks means that at least three kinds of precipitates are present in the matrix after heat treatment T10. The amplitude of the three peaks is larger for the 3654 alloy, showing that each kind of precipitate is in larger quantity in the matrix. This fact, in addition to grain size, can explain the difference between the σ-ε curves. The largest peak, appearing between 510 and 675°C, corresponds to the matrix melting.
After heating and melting, the sample was cooled down. The solidification and precipitation curves are shown in Fig. 10a for 3653 alloy and in Fig. 10b for 3654 alloy.
Besides the large peak corresponding to matrix solidification, peaks corresponding to precipitations were also observed. The DTA signal of the 3653 alloy shows that four types of precipitates appeared during cooling, whereas only three peaks were observed for the 3654 alloy. These two different batches 3654 and 3653 have small composition difference leading to different precipitation. 
Conclusions
For both alloys, precipitates features and microstructures are similar after T3 and after T3 + T10. But an important difference in grain size was observed between 3653 and 3654 alloys using Keller's reagent directly after T3, T3 + T10 and after compression tests. DTA measurements show that both alloys have different precipitations due to different compositions. Forging generates a microstructure transformation. However, Keller's reagent was not able to clearly characterise grain size and shape. So a comparison between the two alloys after forging is difficult.
Hardness before and after T10 is identical, due to a similar structure. But the larger precipitation of 3654 alloy results in a higher hardness. Due to a microstructure modification, a decrease in hardness is noticed after forging.
FEM model
Simulation strategy
Using the material parameters of Table 2 , the round-round forging process to reduce the external diameter from 25.4 to 15.3 mm for the studied rod ( Fig. 1) in one or two operations has been simulated by the Lagamine code [8] . The three displacements identified in Fig. 3 have been successively applied. So except for the axisymmetric assumption, simulations are closer to the real process than the simplified approach used in Section 2. Due to wear, the accurate value for types 1 and 2 hammer displacements is unknown and 0.5 mm was chosen. The maximum axial displacement compatible with the geometry (0.5/tan(6°) = 4.757 mm) is assumed. Fig. 3 shows, for two-step forging, the initial, intermediate and final sections of the rod, the initial hammers' positions and the boundary conditions (intermediate diameter: 17 mm and final reduced diameter: 15.3 mm). In order to begin the second step, the geometrical results of the end of the first step are taken. The stress field and hardening variables are set to zero because of T10 thermal treatment.
For all simulations, the final rod length, with a reduced section, is 16 mm (see Fig. 1 ).
Validation
As can be seen in Fig. 11 , mechanical characteristics dispersion has no effect on the final shape (identical thickening and final length for 3653 and 3654 materials). In contrast, the number of forging operations has an important impact on the final geometry. This point allows validation of the simulations. The maximum thickening is located at approximately 20 mm from the rod end. Industry has in the past measured a thickness increase of about 10% in the case of one-step forging process. For the rod studied here, a thickness increase of 9.7% is computed (1.066 mm for one-step forging instead of 0.972 mm for two-step forging).
Rupture criterion
As the goal of this research is to understand why a second forging step with intermediate thermal treatment is required, the process is coupled with different fracture criteria and the Freudenthal criterion is chosen:
among six criteria already implemented in Lagamine [9] , as it locates the fracture at the right position according to industrial observations. The value of this criterion computed by FEM simulations at the end of each forging operation is analysed for the different cases: two different materials (3653 and 3654) and two processes (one-or two-step forging with intermediate treatment). All results identify the same critical zone (see Fig. 12 ). This point is in agreement with industrial observations. For both materials, a unique forging operation induces a higher value of the parameter C f and implies a higher fracture risk. The critical value of C f leading to crack should be identified for each material.
Tensile tests are examined here because they reach rupture, while compression tests do not, because of bending. For each material, four tests were performed at two different strain rates. As no viscosity effect was observed, the mean final equivalent strain is considered for each alloy (3653: = 0.173 and 3654: = 0.159) to identify the critical value of C f (Eq. (2)) from the law: σ = Cε n and the material parameters C and n (see Table 2 ):
The following levels were obtained for 3653: C f = 41.3 MPa and for 3654: C f = 31.2 MPa. Simulations using such critical values of Cf parameter predict fracture too early. They do not lead to rupture in one-step forging and no rupture in two-step forging. 
Discussion
Stresses versus time are analysed in the critical zone for all considered cases. The radial and shear stresses are very low compared to axial and circumferential stresses. The stress levels are similar for the single forging operation and for the first forging operation in the case of a two-step process. As shown in Fig. 13a , for 3653 material and for two-step forging, the stresses are released during unloading due to hammer displacement (see Fig. 3 displacements 2 and 3 ) and during thermal treatment. The forging operation induces large biaxial compression stresses, while Section 4.3 identifies C f from uniaxial, tensile stresses. This difference can explain the gap between industrial observation and simulations.
Simple criterion like the Freudenthal one must be identified in equivalent loading conditions than those applied during the process. This well-known rule is again checked in this study. Let us notice that more complex damage models [10] [11] [12] [13] could provide better predictions but their identification also requires more experiments then the available tensile stress-strain curves. Of course, a set of data for such models could be found by inverse modelling based on the industrial process and the available tensile tests, however, the prediction aspect is lost. A serious scientific damage model approach has to rely either on some different loading experiments or on additional data such as initial void volume fraction, Young modulus decrease during loading, etc. Notice that such a model has already been proposed for the studied rotary process, another rod and another material [14] . For each material batch, this parameter identification should be repeated, which is quite heavy. Fig . 13b shows the Freudenthal fracture criterion versus time in the critical zone for one-and for two-step forging. Like for stresses, this diagram shows similar evolution of the rupture criterion levels for the two cases examined, but a higher final value for the one-step process. Comparing industrial observations (cracks for oneand no crack for two-step forging with intermediate thermal treatment T10) and the FEM results (a higher stress level for one-step than for two-step forging and a higher rupture risk in the same zone as in the industrial process), this Freudenthal fracture criterion can be validated and it establishes the importance of the intermediate thermal treatment to avoid final cracks. However, the available tensile test do not provide the right C f limit.
The residual stress values confirm the necessity of the final T10 heat treatment (for 3653: maximum residual stress ≈92MPa, yield stress = 115.8 MPa, for 3654: maximum residual stress ≈61 MPa, yield stress = 74.9 MPa).
Conclusions
In this study, two batches of material were analysed and it has been shown that their different mechanical properties relate to different composition and microstructure. A better understanding of the material behaviour has been reached through metallurgical analysis. The process has been simulated by FEM analysis coupled with Freudenthal criterion. This model is partially validated by industrial observations. It locates the critical zone and shows that one-step forging is more critical than a two-step process, confirming the necessity of an intermediate thermal treatment.
However, to develop a quantitative model for crack prediction, the Freudenthal criterion identified by tensile tests is not representative of the process. One could either develop an experimental test with a compressive biaxial stress field or use another FEM damage model [10, 11, 14] . However, the identification of any damage model would require additional tests.
